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Instrumented indentation hardnessShot peening and plasma processes are widely used to improve surface properties of several alloys. In this work,
triode plasma nitriding (TPN) was applied to Ti-stabilized interstitial free (IF) steels in an attempt to increase
their hardness without compromising their excellent conformability. Shot peening was also trialed before triode
plasma nitriding in an attempt to enhance nitriding kinetics and achieve deeper case depths. Triode plasma ni-
tridingwas performed at 450 °C, 475 °C and 500 °C for 4 h on Ti-stabilized IF steel. Scanning electronmicroscopy
(SEM) and X-ray diffraction (XRD)were used to characterize the steel structure. Instrumented indentation hard-
ness–depth proﬁles indicated that a signiﬁcant hardening effectwas achieved after plasma nitriding at 500 °C for
4 h. These nitriding conditions doubled the near-surface hardness of the parent IF steel and led to a case depth of
500 μm. Instrumented indentation hardness-proﬁle data also indicated that the shot peening pre-treatment did
not have any beneﬁcial effect on nitriding kinetics as a reduction in case depth occurred after thismechanical pre-
treatment. Increased surface roughening promoted by shot peening reduced the nitrogen uptake during
nitriding. Dry slidingwear tests also corroborated the beneﬁts of plasma nitriding on Ti-stabilized IF steels, as sig-
niﬁcantly lower wear volumes resulted after this surface hardening treatment. Although oxidative wear was
found to occur in all IF steel samples, wear performance was found to be inﬂuenced by load support provided
by underlying steel substrates and thickness of compound layers. The best wear performance of solely plasma
nitrided samples could be attributed to thicker compound layers and deeper hardened cases compared to
shot-peened + plasma nitrided samples, which exhibited shallower case depths and thinner compound layers.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Interstitial-free (IF) steels are characterized by low contents of inter-
stitial elements (carbon and nitrogen) in their ferritic structure. Low
contents of interstitial elements are usually achieved by alloying the
steel with niobium and/or titanium to cause precipitation of carbon
and nitrogen from solid solution. As a result IF steels exhibit excellent
conformability, low yield strength and high elongation. These steels
are widely used in the automotive industry during deep-drawing pro-
cesses to obtain complex-shaped workpieces. The use of IF steels in
many engineering applications is often limited because of their lowme-
chanical strength. Surface treatments such as nitriding offer the possi-
bility to widen their industrial application.
Nitriding is a thermochemical process that enriches the steel surface
with nitrogen to enhance its mechanical and tribological properties. The
nitrided layer resulting from this thermochemical process comprises two
sublayers: an outer compound layer and an underlying diffusion zone
(layer). The compound layer is often composed of ε-Fe-2-3N and γ′-
Fe4N nitrides. When pure iron was nitrided, the resulting compoundlayer comprised an outer layer of hexagonal ε-Fe-2−3N phase and an
inner layer of fcc γ′-Fe4N phase above the α-Fe substrate [1,2]. γ′-Fe4N
and α″-Fe16N2 nitrides were also identiﬁed in the diffusion zone where
nitrogen atoms were also interstitially dissolved in ferrite (α-Fe) [1,2].
According to the iron-nitrogen phase diagram, γ′ nitride (Fe4N phase)
has a lower nitrogen content than ε nitride (Fe-2−3N phase) and α″ ni-
tride (Fe16N2 phase) has a lower nitrogen content than γ′ (Fe4N) nitride.
A similar ﬁnding has been reported for IF steels that were salt-bath
nitrided [3]. After this nitriding process, three distinct regions could be
identiﬁed on the surface of IF steels: an outermost compound layer
composed of ε-Fe-2−3N and γ′-Fe4N nitrides, an upper diffusion zone
consisting of mainly large needle-like nitrides and a lower diffusion
zone (beneath the upper region) in which ﬁne platelets were primarily
dispersed within the αmatrix and most of the grain boundaries were
covered with needle-like nitrides [3]. Examinations by transmission
electron microscopy (TEM) conﬁrmed that nitrides exhibiting a
needle-like morphology were γ′-Fe4N nitrides and those having a ﬁne
platelet-like morphology were α″-Fe16N2 nitrides [1–4]. These three
distinct regions (compound layer, upper diffusion zone and lower diffu-
sion zone) stemmed from the fact that the nitrogen content gradually
decreased from the surface toward the bulk. It could be concluded
Table 1
Chemical composition (in wt.%) of Ti-stabilized IF steel showing all major alloying
elements.
C N Ti Nb P S Al Si Mn Fe
0.005 0.006 0.049 0.002 0.012 0.0071 0.025 0.012 0.12 Balance
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the sample caused the precipitation of different nitrides in the sequence
ε-Fe-2−3N→ γ′-Fe4N→ α″-Fe16N2 [3].
α″-Fe16N2 nitrides were also found to exhibit a body-centered
tetragonal (bct) crystal structure [3]. Heterogeneous precipitation of α″-
Fe16N nitrideswas found to occur and their density increasedwith the ni-
trogen gradient in the diffusion zone [1,3]. The tetragonal distortion of the
α-Fe matrix due to the precipitation of coherent α″ nitrides resulted in
broadening of XRD peaks, which was mainly caused by a reduction in
the effective particle size, i.e., size of coherent diffraction domains [3].
Severe shot peening was successfully applied to high strength low
alloy steel as a pre-treatment before nitriding processes to shorten ni-
triding times and temperatures andpreserve its fatigue behavior [5]. Ac-
cording to this investigation, severe shot peening (SP) before nitriding
led to the formation of a compound layer that was up to three times
thicker than the compound layer formed on the sample that was only
nitrided. Although the case depth remained unchanged, the combina-
tion SP + nitriding yielded an increase in hardness from the surface
up to depths of ~80 μm. Maximum surface hardness resulted when se-
vere shot peening was performed prior to nitriding. Although a signiﬁ-
cant increase in surface roughness was reported to occur when shot
peeningwas carried out before nitriding, the inﬂuence of increased sur-
face roughness on fatigue behavior was not disclosed.
A surface mechanical attrition (SMA) treatment was also applied to
iron in an attempt to reduce nitriding temperature [6]. After the SMA
treatment, nitriding in high purity ammonia gas could be carried out
at temperatures as low as 300 °C. Plastic deformation in the surface
layer with a large strain and a high strain rate resulted in a progressive
reﬁnement of coarse grains into the nanometer regime. For instance, a
dark gray layer was identiﬁed on the SMA-treated Fe sample after ni-
triding in NH3 gas at 300 °C for 9 h [6]. Nitrogen proﬁles also revealed
a very high nitrogen content (approximately 10 wt.%) in this dark
gray layer, which gradually droppedwith increasing depth [6]. In the ni-
trided Fe sample without a SMA pre-treatment, the nitrogen concentra-
tion was negligible from surface to substrate, indicating that nitride
precipitation was suppressed at identical nitriding conditions. In addi-
tion instrumented indentation hardness measurements indicated that
the hardness of the sample that was nitrided without the SMA pre-
treatment remained unchanged, while a two-fold increase in hardness
was detected for the nitrided + SMA-treated Fe sample. The structural
aspects of nanocrystallization were intensively investigated and report-
ed in the literature [5–13].
A surfacemechanical attrition (SMA) treatment was also carried out
on AISI 4140 steel prior to plasma nitriding [7]. The SMA treatment,
which generated a nanostructured surface layer in the AISI 4140 steel,
enhanced diffusion and nitride formation, yielding higher surface hard-
ness and thicker diffusion layers. However, recrystallization and grain
growth occurred in the nanostructured layer at higher nitriding temper-
atures (470 °C−500 °C). Under these conditions, SMA was proven not
to signiﬁcantly affect the kinetics of nitrogen diffusion [7].
Nitridingwas found to successfully improve thewear resistance of IF
steels that were plasma nitrided [14] and ion-implanted [15] but not
subjected to any prior mechanical deformation. Although the effect of
nitrogen implantation on the tribological properties of IF steels has
been evaluated [15], the inﬂuence of shot peening before plasma nitrid-
ing has not yet been reported. In this work, different plasma nitriding
temperatures were trialed on Ti-stabilized IF steels in an attempt to ob-
tain high surface hardness at the steel surface in conjunctionwith an ex-
cellent hardening depth. The effect of a shot peening pre-treatment on
the kinetics of nitrogen diffusion during plasma nitriding of Ti-
stabilized IF steel was also evaluated.
2. Experimental
Ti-stabilized IF steel, which were manufactured under standard in-
dustrial conditions by USIMINAS S.A. (a Brazilian steel company), wasused to produce coupon samples for this current investigation. The
hot-rolled slab of IF steel was cold-rolled by reduction in thickness of
~80%. After the cold rolling process, IF steel sheet strips were subjected
to skin-pass rolling (i.e. passed through a pair of rolls speciﬁcally shaped
to form a super-smooth surface involving the least amount of
reduction).
The chemical composition of the Ti-stabilized IF steel, whichwas de-
termined by optical emission spectroscopy and elemental analysis for
light elements (LECO elemental analyzer), is illustrated in Table 1.
Shot peeningwas performed as direct in the SAEAMSS13165A standard
using stainless steel balls with diameters ranging from 0.09 mm to
0.2 mm, blast pressure of 100 Psi and 100% coverage.
Plasmanitridingwas carried out in a Tecvac IP70 PAPVD coating unit
using a d.c. triode conﬁguration,whichwas achieved bymeans of a neg-
atively biased thermionic emitter (tungsten ﬁlament). A total pressure
of 0.4 Pa, gas composition of 60% Ar + 40% N2 workpiece bias voltage
of -200 V were used during triode plasma nitriding (TPN) processes.
Ti-stabilized IF samples (with and without shot peening) were plasma
nitrided at 450 °C, 475 °C and 500 °C for a total duration of 4 h. Sample
nomenclatures are given in Table 2 for all specimens under investigation.
Cross-sectional samples were mechanically ground and polished
with diamond paste down to 1 μm and then etched with 4% Nital re-
agent. Polished, etched cross-sectionswere examined by scanning elec-
tron microscopy (SEM) using a FEI Inspect S50 scanning electron
microscope. Prior to SEM examination, mounted samples were coated
with gold as a non-conductive mounting resin was used. Samples
were imaged in high vacuum mode using an accelerating voltage of
15 kV.
Surface roughness measurements were carried out using a
Hommelwerke T8000 stylus proﬁlometer with a TKU 300 pick-up
(stylus tip radius of 2 μm and cone angle of 60°). Average Ra-values
(arithmetic mean deviation) and Rq-values (root mean square devia-
tion) were obtained from 10 measurements on each sample. These pa-
rameters were determined as deﬁned in the ISO 4287:1997 standard.
Crystalline phaseswere characterized by X-ray diffraction (XRD) in a
Philips PW 1710 diffractometer with a conventional θ/2θ Bragg–
Brentano geometry using a Cu–Kα radiation source. The applied tube
acceleration voltage and current were 35 kV and 50 mA respectively.
To record diffraction patterns, θ/2θ was scanned from 20° to 90° at a
slow rate of 0.02°/s.
Hardness–depth proﬁles were obtained by instrumented indenta-
tion measurements on polished cross-sections using a Berkovich
indenter and two peak loads: 1900mN and 2mN. The hardness param-
eter recorded was the instrumented indentation hardness, HIT. The
lower peak load (2 mN) was used to obtain hardness–depth proﬁles
of the unprocessed (i.e. without shot peening) IF steel, while hard-
ness–depth proﬁles for all other samples (i.e. solely plasma nitrided IF
steel and shot-peened + plasma nitrided IF steels) were obtained
using the highest load (i.e. 1900 mN). Instrumented indentation hard-
ness measurements at the lowest peak load (i.e. 2 mN) were carried
out using a Hysitron TI 950 Tribometer (equipped with instrumented
indentation testing capability), loading and unloading times of 15 s
and holding time of 5 s. For the highest peak load (i.e. 1900mN), instru-
mented indentation hardness measurements were performed using a
ShimadzuDUH-W201S instrumented indentation tester, constant load-
ing rate of 0.83 mN/s and holding time of 5 s.
Dry sliding wear tests were carried out using a ball-on-plate
tribometer (Microphotonics MT/60/NI) and 6 mm diameter WC–Co
balls as counterface. For all tests, constant normal load and disk rotation
Table 2
Sample nomenclature of Ti-stabilized IF steel specimens under investigation.
Nitriding temperature (°C) Duration (h) Without shoot peening Shot-peened
– – IF SP-IF
450 4 N450 SP-N450
475 4 N475 SP-N475
500 4 N500 SP-N500
Fig. 2. Cross-sectional SEM photomicrograph showing the microstructure of nitrided
layers resulting in Ti-stabilized IF steel after plasma nitriding. The nitrided layer comprised
an outer compound layer, an upper diffusion zone characterized by large needle-like ni-
trides (γ′-Fe4N) and a lower diffusion zone characterized by ﬁne platelet-like nitrides
(α″-Fe16N2). As described in references [1–4],α″ nitrides are characterized by a ﬁne plate-
let-like (or ribbon-slice like) morphology. IF steel sample that was plasma nitrided at
475 °C for 4 h (N475).
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wear track radius of 3 mm and sliding speed of 0.2 m/s were used
throughout. Tests were run under ambient conditions in air with a rela-
tive humidity of 45 to 50% and temperature of (20± 1) °C. Each sample
under investigationwas subjected to at least three dry slidingwear tests
run at identical conditions. Wear volumes were determined from quan-
titative 3D surface measurements using a Hommelwerke T8000 stylus
proﬁlometer with a TKU 300 pick-up (stylus tip radius of 2 µm and
cone angle of 60°). Average values of wear volumes were obtained
from three tests (replicates) performed on each sample. Composition
maps of wear tracks after a sliding distance of 2500 m were obtained
energy-dispersive X-ray spectroscopy (EDS) using an EDAX Genesis
APEX 2 system.
3. Results and discussion
3.1. SEM examination of polished, etched cross-sections
Cross-sectional SEM photomicrographs show the microstructure of
Ti-stabilized IF steels without shot peening (Fig. 1a) and subjected to
shot peening (Fig. 1b). The Ti-stabilized IF steel exhibited a ferritic struc-
ture and a deformed surface layer, which resulted from the shot peening
process, could be identiﬁed in Fig. 1b. Surface irregularities resulting
from the impact of harder spheres on the IF steel surface were also ap-
parent. Visible plastic deformation extended to a depth of approximate-
ly 20 μm.
Cross-sectional SEMphotomicrographs of several plasma-nitrided IF
steel samples with and without a shot peening pre-treatment are illus-
trated in Figs. 2 and 3. Independently of the shot peening pre-treatment,
an outer compound layer and anunderlyingdiffusion zone (layer) could
be identiﬁed in all samples [1,3,7,8,16]. In the diffusion zone nitride pre-
cipitates are visible while in the compound layer they cannot be re-
solved by SEM (Fig. 2).
The average thickness of compound layers resulting from plasma ni-
triding processes carried out on Ti-stabilized IF steel samples are shown
in Table 3. Compound layer thickness ranged from ~3.0–6.0 μm, with
the thickest compound layers being produced at the highest nitriding
temperature (i.e. 500 °C). The shot peening pre-treatment appeared to
have had an adverse effect on compound layer thickness. For a givenFig. 1. Cross-sectional SEM photomicrographs of (a) Ti-stabilized IF steel withnitriding temperature, compound layers resulting on plasma nitrided
IF steels were thicker than their shot-peened + plasma nitrided coun-
terparts. Regardless of shot peening, compound layers were dense and
appeared to be free of porosity in all IF steel samples.
Closer SEM examination of polished cross-sections also revealed the
existence of precipitates with different morphologies in diffusion zones
of plasma nitrided IF steels. Two regions were found to exist in the dif-
fusion zone of all investigated samples: an upper region characterized
by large needle-like nitrides which extended into the interior of the α
matrix and a lower region (at greater depths) in which ﬁne platelet-
like nitrides were dispersed. Fig. 3a–c depict the typical nitrided layer
(outer compound layer, upper and lower regions of diffusion zone)
which resulted in plasma nitrided IF steels. The size of platelet-like ni-
trides gradually reduced as the nitrogen content slowly decreased to-
ward the bulk. According to references [2,3] these large needle-like
and ﬁne platelet-like nitrides are expected to be γ′-Fe4N and α″-
Fe16N2 nitrides, respectively.
The upper portion of the diffusion zone for IF steel samples proc-
essed at lower nitriding temperatures without shot peening (N475
and N450, Fig. 3b and c) contained a lower amount of large needle-
like nitrides (γ′-Fe4N) than the one nitrided at 500 °C without shot
peening (N500, Fig. 3a). This result suggests a reduction in nitrogen con-
tent as nitriding temperature is decreased.out shot peening (IF) and (b) shot-peened Ti-stabilized IF steel (SP-IF).
Fig. 3. Cross-sectional SEM photomicrographs of plasma nitrided Ti-stablized IF steel samples at (a) 500 °C, 4 h (N500); (b) 475 °C, 4 h (N475), and (c) 450 °C, 4 h (N450) and shoot-
peened + plasma nitrided Ti-stabilized IF steel samples at (d) 500 °C, 4 h (SP-N500); (e) 475 °C, 4 h (SP-N475) and (f) 450 °C, 4 h (SP-N450).
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upper portion of the diffusion zone for all shot-peened+ plasma nitrid-
ed IF steel samples (Fig. 3d, e and f) at all nitriding temperatures.Table 3
Average thickness of compound layers resulting from plasma nitriding processes carried
out on Ti-stabilized IF steel samples. Average values were obtained from at least 7 thick-
ness measurements taken at different locations.
Specimen Average compound layer thickness (μm) Standard deviation
N500 5.7 1.4
N475 4.0 0.6
N450 4.0 0.6
SP-N500 4.8 1.3
SP-N475 3.5 0.9
SP-N450 2.8 0.9Instead, only ﬁne platelet-like nitrides (α″-Fe16N2), whichwere aligned
along speciﬁc directions of the α-Fe matrix, could be identiﬁed.3.2. Surface roughness
Surface roughness results are given in Fig. 4. Triode plasma nitriding
treatments led to a small increase in surface roughness of the unpro-
cessed Ti-stabilized IF steel (IF sample) irrespective of treatment tem-
perature. As expected, a signiﬁcant increase in surface roughness
(~two-fold increase) resulted after the shot peening process (SP-IF
sample). As depicted in Fig. 1b, the shot peening process promoted un-
dulations on the IF steel surface, increasing its surface roughness. A
combination of shot peening pre-treatment and plasma nitriding
further increased the surface roughness of the parent IF steel. Highest
Fig. 4. Surface roughness (Ra-value and Rq-value) of Ti-stabilized IF steel without shot
peening (IF); shot-peened Ti-stabilized IF steel (SP-IF); plasma nitrided Ti-stabilized IF
steels at 450 °C (N450), 475 °C (N475), and 500 °C (N500) and shot-peened+ plasma ni-
trided Ti-stabilized IF steels at 450 °C (SP-N450), 475 °C (SP-N475), and 500 °C (SP-N500).
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nitrided IF steel samples.
3.3. XRD analyses
Diffractograms of the unprocessed Ti-stabilized IF steel (i.e. without
shot peening, IF) and shot-peened Ti-stabilized IF steel (SP-IF) are illus-
trated in Fig. 5. Both samples exhibited characteristic peaks of ferrite (α-
Fe). Bragg diffraction peaks of the SP-IF sample were less intense than
those of the unprocessed IF steel. It should be noted that the X-ray pen-
etration depthwas around 25 μm [17]; hence for the SP-IF steel sample,
sampled material mainly corresponded to the deformed surface layer
induced by shot peening (20 μm thick, see Fig. 1b). Slight broadening
of XRD peaks could also be noticed for the SP-IF sample, indicating
that the imposed plastic deformation (due to shot peening) probably in-
troduced a non-uniform microstrain. Structural defects or grain reﬁne-
ment effects induced by shot peening can cause shift and broadening
of diffraction lines [11,17]. Similar results were also reported for AISI
4140 steels that were subjected to a surface mechanical attrition
(SMA) treatment [7].
XRDpatterns of plasma nitrided Ti-stabilized IF steels and their shot-
peened + plasma nitrided counterparts are given in Fig. 6a (450 °C,Fig. 5. XRD patterns of Ti-stabilized IF steel without shot peening (IF) and shot peened Ti-
stabilized IF steel (SP-IF).4 h), b (475 °C, 4 h) and c (500 °C, 4 h). Peaks corresponding to bcc
α-Fe, ε-Fe2–3N and γ′-Fe4N phases were detected for IF steel samples,
indicating that compound layers consisting of a mixture of ε (Fe2–3N)
and γ′ (Fe4N) nitrides resulted from all nitriding conditions trialed in
this work, irrespective of shot peening. It should also be noted that the
intensities of all α-Fe peaks corresponding to the ferrite matrix signiﬁ-
cantly decreased for all plasma nitrided and shot peened + plasmaFig. 6. XRD patterns of plasma nitrided and shot peened+ plasma nitrided Ti-stablized IF
steel samples at (a) 450 °C, 4 h (N450 and SP-N450); (b) 475 °C, 4 h (N475 and SP-N475)
and (c) 500 °C, 4 h (N500 and SP-N500).
Fig. 7. Hardness–depth proﬁles obtained by instrumented indentation measurements on
polished cross-sections of unprocessed (i.e. without shot peening) Ti-stablized steel (IF)
and shot-peened Ti-stabilized IF steel (SP-IF). A peak load of 2 mN was used in all
measurements.
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cessed IF steel (Fig. 5, IF sample). This could be attributed to the trans-
formation of α-Fe into nitride phases at the surface of plasma nitrided
and shot peened + plasma nitrided samples.
α-Fe peakswere still detected in all plasmanitrided and shot peened
+ plasma nitrided IF samples because the X-ray penetration depth (es-
timated to be ~25 μm [17]) was considerably greater than the thickness
of compound layers which resulted at Ti-stabilized IF steel surfaces ni-
trided at different temperatures (see Table 3). For instance, the thickest
compound layer (~6 μm) resulted in the Ti-stabilized IF sample thatwas
plasma nitrided at 500 °C. Therefore, diffusion zones underneath com-
pound layers were sampled during XRD analyses, contributing to dif-
fraction peaks detected. The diffusion zone in salt-bath nitrided IF
steels [3] was reported to comprise ﬁnely dispersed nitride precipitates
(e.g. γ′-Fe4N and α″-Fe16N2). In this work such nitrides were also ob-
served in diffusion zones of plasma nitrided IF steels by SEM examina-
tion of polished, etched cross-sections (see Section 3.1). Thus γ′-
nitrides in diffusion zones are likely to have contributed to diffraction
peaks corresponding to the γ′-Fe4N phase (as well as γ′-nitrides in
the compound layer). Because of its high nitrogen content, the
nitrogen-rich ε-Fe2–3N phase cannot be formed in the diffusion zone.
However, γ′-Fe4N and α″-Fe16N2 nitrides can be formed in diffusion
zones which are characterized by a lower nitrogen content that
gradually decreases toward the bulk. Unfortunately XRD analyses
were unable to identify the α″-Fe16N2 phase. The proposed structure
forα″-Fe16N2 is a tetragonally distorted bcc-iron structurewith ordered
nitrogen at the octahedral sites [3]. Therefore, the lattice parameters a
and c for this nitride phase do not greatly differ from the lattice param-
eter (a) of the bcc iron cell. For instance, in the α phase for pure iron,
a = b = c = 0.2866 nm, while for α″, a = b = 0.572 and c =
0.627 nm, and c/a = 1.1 [1]. Thus, diffraction peaks corresponding to
α-Fe and α″-Fe16N2 phases occur at approximately same 2θ positions
[17]. Thus the existence of α″-Fe16N2 nitrides can only be ascertained
by analytical techniques such as transmission electron microscopy
(TEM), ﬁeld-ion microscopy (FIM) and atom probe microscopy. Never-
theless, it could be inferred from XRD analyses that the low intensity of
α-Fe peaks (corresponding to the ferrite matrix) in all plasma nitrided
IF steel samples provides indirect evidence that the α-Fe phase trans-
formed into ε-Fe2–3N, γ′-Fe4N and α″-Fe16N2 phases.
Comparative microstructural analyses of plasma nitrided IF steel
samples provided evidence of α″-Fe16N2 nitrides. Because of their spe-
ciﬁc platelet-likemorphology, these nitrides could be identiﬁed in diffu-
sion zones of all plasma nitrided samples by SEM (see Section 3.1). A
high magniﬁcation cross-sectional SEM photomicrograph showing
these nitrides was given in Fig. 2 for the plasma nitrided IF steel sample
treated at 475 °C, 4 h (N475).
XRD analyses indicated that for plasma nitrided IF samples at differ-
ent temperatures (i.e. without shot peening), the intensity of peaks cor-
responding to the ε-Fe2–3N phase decreased at 500 °C (Fig. 6a, b and c,
N450, N475 and N500 samples). This was probably an effect of nitriding
temperature; at this higher temperature (500 °C) the nitridingpotential
decreased and the nitriding process led to less rich-nitrogen phases on
the surface (i.e. γ′-Fe4N phase).
When comparing XRD patterns of plasma-nitrided IF steel samples
and their shot-peened + plasma nitrided IF steel counterparts
(Fig. 6a, b and c), peaks corresponding to the α-Fe were more intense
for shot-peened + plasma nitrided IF steels than for plasma nitrided
IF steels at each nitriding temperature. The intensity of diffraction
peaks corresponding to nitride phases (especially those corresponding
to the nitrogen-richer ε-Fe2–3N phase) also decreased for shot-peened
+ plasma nitrided IF steel samples when compared to plasma nitrided
IF steel samples. This could be a result of thinner compound layers on
the surface of shot-peened + plasma nitrided IF steel samples (see
Table 3) but could also suggest that that the γ′-Fe4N phase is more
abundant in all compound layers of IF steel samples that were shot-
peened + plasma nitrided.Aspreviously discussed in Section 3.1,microstructural examination of
polished, etched cross-sections revealed that large needle-like nitrides
were virtually absent in the diffusion zone of shot-peened + plasma ni-
trided IF steels andmainlyﬁne platelet-like nitrides (α″-Fe16N2) could be
identiﬁed. Conversely, large needle-like nitrides were observed in the
diffusion zone of solely plasma nitrided steel samples and their number
was found to diminish as the nitriding temperature decreased. Thus
microstructural examination indicated that the shot peening pre-
treatment diminished the precipitation of iron nitrides richer in nitrogen
(i.e. reduced the transformation of α-Fe into nitrides richer in nitrogen).
XRD analyses, in turn, indicated a reduction in the intensity of nitrogen-
rich phases after the shot peening pre-treatment, corroborating micro-
structural observations. Based on these results, it appears that the shot
peening pre-treatment had an adverse effect on the response of Ti-
stabilized IF steel to plasma nitriding due to a reduced nitrogen uptake.
These results differ from those reported in Ref. [5], inwhich shot peening
was found to enhance the nitriding response.
The high roughness which resulted from the shot-peening process
carried out on Ti-stabilized IF steels before plasma nitriding (Fig. 4) is
the most likely reason why a lower nitrogen content resulted after a
combination of shoot peening + plasma nitriding. A polished surface
tends to facilitate the major concentration of nitrogen at the surface in
plasma nitriding [18]. After plasma nitriding, the case depth which re-
sulted on a mirror-polished AISI 304 steel was almost twice as thick as
the onewhich resulted on a ground AISI 304 steel sample for a given ni-
triding temperature, duration and gas composition [18]. In order to
avoid any detrimental effects of increased roughness due to mechanical
treatments (e.g. shot peening), post-polishing treatments have been
outlined in the literature. For instance, after a surface mechanical attri-
tion (SMA) treatment on AISI 321 stainless steel, the outer 5 μm of the
steel surface was carefully polished after SMA to restore a low surface
roughness and improve its tribological behavior [19]. Such post-
polishing treatments are infeasible for ferrous alloys having very low
mechanical strength such as IF steels. In this case any surface deformed
layer induced by shot peening is likely to be completely removed by a
post-polishing operation.3.4. Instrumented indentation measurements: hardness–depth proﬁles
Fig. 7 illustrates hardness–depth proﬁles obtained for unprocessed
Ti-stabilized IF steel (IF) and shot-peened Ti-stabilized IF steel (SP-IF)
using a 2 mN load. Shot peening promoted an increase in hardness up
to depths of ~20 μm. This is in agreement with SEM examination of
Fig. 8. Hardness–depth proﬁles obtained by instrumented indentation measurements on
polished cross-sections of (a) plasma nitrided IF steel at 450 °C (N450) and its shot-
peened + plasma nitrided IF steel counterpart (SP-N450), (b) plasma nitrided IF steel at
475 °C (N475) and its shot-peened + plasma nitrided IF steel counterpart (SP-N475)
and (c) plasma nitrided IF steel at 500 °C (N500) and its shot-peened + plasma nitrided
IF steel counterpart (SP-N500). A peak load of 1900 mN was used in all measurements.
Fig. 9. Plots of coefﬁcient of friction versus sliding distance for (a) IF steel without shot
peening (IF) and (b) shot-peened IF steel (SP-IF). Although three tests were carried out
on each sample, one curve is presented for clarity purposes.
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by shot peening was found to extend to a similar depth (i.e. ~20 μm).
Hardness–depth proﬁles for plasma nitrided and shot-peened
+ plasma nitrided IF steel samples are given in Fig. 8a–c. Regardlessof nitriding temperature and shot peeningpre-treatment, high hardness
values (~2 GPa) were recorded near the surface for all IF steel samples
under investigation. Compared to the hardness of the parent IF steel,
plasma nitriding processes trialed in this investigationwere able to pro-
vide a two-fold increase in hardness near the steel surface. Besides, the
high hardness value achieved near the surface (~2 GPa) remained con-
stant up to depths of ~200 μm for all IF steel samples, irrespective of ni-
triding temperature and shot peening process. Because of the high load
used (1900 mN), thin compound layers (b6 μm) at the steel surface
were not sampled and measured hardness values correspond to those
of phases present in the diffusion zone (i.e. γ′-Fe4N and α″-Fe16N2 ni-
trides in the αmatrix).
Although hardness near the surface remained almost unchanged for
all IF steel samples, case depth varied depending on nitriding tempera-
ture. For IF steel samples that were solely plasma nitrided, case depths
of ~350–400 μm resulted at 450 °C (Fig. 8a) and 475 °C (Fig. 8b)
while a considerably deeper case (~500 μm) resulted at 500 °C
(Fig. 8c). This was a direct inﬂuence of different nitrogen concentration
proﬁles that resulted from different nitriding temperatures. A signiﬁ-
cant hardening effectwas accomplished on Ti-stabilized IF steel nitrided
at 500 °C for 4 h (Fig. 8c). Such a result couldwiden the industrial appli-
cation of this steel grade.
A reduction in case depth occurred when shot peening was carried
out before plasma nitriding at temperatures of 450 °C (Fig. 8a) and
475 °C (Fig. 8b). Therefore, hardness–depth proﬁle data indicated that
the shot peening pre-treatment had a deleterious effect on nitriding ki-
netics, as case depth diminished at nitriding temperatures of 475 °C and
Fig. 10. EDS composition maps of oxygen for (a) IF steel sample without shot peening (IF), (b) IF steel sample that was solely plasma nitrided at 500 °C for 4 h (N500) and (c) IF steel
sample that was shot-peened + plasma nitrided at 500 °C for 4 h (SP-N500). High oxygen contents were detected in wear tracks after dry sliding tests for all investigated samples, indi-
cating the occurrence of oxidative wear.
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by SEM examination, in which microstructural analyses of diffusion
zones revealed a reduction in nitrides richer in nitrogen after the shot
peening pre-treatment. However, the shot peening pre-treatment did
not decrease the case depth for nitriding at 500 °C. This higher nitriding
temperature probably counteracted the deleterious effect of shot
peening and case depths for both IF steel samples (i.e. solely plasma ni-
trided and shot-peened + plasma nitrided) increased.
3.5. Dry sliding wear tests
Plots of coefﬁcient of friction versus sliding distance obtained during
dry sliding wear tests are shown in Fig. 9 for the Ti-stabilized IF steel
without shoot peening (Fig. 9a) and for the shot-peened Ti-stabilized
IF steel (Fig. 9b). Curves of both IF steels were characterized by succes-
sive peaks/valleyswhich appeared at similar time intervals. The appear-
ance of these peaks/valleys is considered to be associated with a well-
established wear mechanism in which fragments of oxides detach
from the surface and become wear debris (wear mechanism referred
to as “oxidation–scrape–reoxidation” [20]). Oxygen was detected by
EDS analyses onwear tracks of both IF steel samples, conﬁrming the oc-
currence of oxidative wear involving the formation/breakage of tribo-
oxides. For instance, EDS composition map of oxygen for the IF steel
sample (i.e., without shot peening) shown in Fig. 10a illustrates this
ﬁnding. Because of the very low load support provided by the underly-
ing IF steel, hard oxides formed on the steel surface are removed and re-
oxidation occurs. Tribo-oxides such as Fe3O4, Fe2O3 and FeO have been
reported to form during oxidative wear of steels [21].
Plots of coefﬁcient of friction versus sliding distance are given in
Fig. 11 for all plasma nitrided and shot-peened + plasma nitrided IF
steel samples. All plasma nitrided IF steel samples (Fig. 11a, b and
c) exhibited a steady-state period after the initial running-in period(characterized by the sharp increase in frictional force until a constant
value was reached). In these samples, transitions in the steady-state pe-
riod could be identiﬁed, indicating the existence of twowear regimes in
plasma nitrided IF steel samples. The ﬁrst wear regime occurred up to
sliding distances between 1000 and 1500 m and was characterized by
high values of friction coefﬁcient (~0.8). This ﬁrst regime was found to
last longer for the plasma nitrided IF sample treated at 500 °C
(Fig. 11a, N500). This ﬁrst wear regime is probably associated with
wear of the outer compound layer, which was thicker in this sample
(5.7 μm) compared to those which resulted at nitriding temperatures
of 475 °C and 450 °C (~4.0 μm for both temperatures). In order to verify
this assumption, shorter sliding wear tests would have had to be
performed and interrupted to evaluate whether wear depths were still
conﬁned to outer compound layers. The second wear regime was char-
acterized by a fairly constant value of friction coefﬁcient (between 0.5
and 0.6) and peaks/valleys previously identiﬁed to occur in the curve
of the parent IF steel (Fig. 9a) were absent. This second region probably
corresponds towear of the diffusion zone underneath compound layers,
comprising nitride precipitates in the αmatrix due to lower nitrogen
contents achieved at these depths.
After shot peeningwas carried out prior to plasmanitriding, this ﬁrst
wear regime characterized by high values of friction coefﬁcient became
absent (Fig. 11d, e and f). However, a transition period up to sliding dis-
tances of ~500m could be identiﬁed prior to a steady steady-state wear
regime characterized by values of friction coefﬁcient between 0.5 and
0.6. It is interesting to note that shot-peened + plasma nitrided IF
samples, which had signiﬁcantly higher surface roughness (Fig. 4),
displayed much lower values of friction coefﬁcient than solely plasma
nitrided IF steel samples. It is speculated that the higher friction coefﬁ-
cient exhibited by IF samples that were solely plasma nitrided could
be related to their compound layer structure (i.e. more ɛ nitrides) com-
pared to the structure of compound layers of shot-peened + plasma
Fig. 11. Plots of coefﬁcient of friction versus sliding distance for (a) plasma nitrided IF steel at 500 °C, 4 h (N500); (b) plasma nitrided IF steel at 475 °C, 4 h (N475); (c) plasma nitrided IF
steel at 450 °C, 4 h (N450); (d) shot-peened+ plasma nitrided IF steel at 500 °C, 4 h (SP-N500); (e) shot-peened+ plasma nitrided IF steel at 475 °C, 4 h (SP-N475) and (f) shot-peened
+ plasma nitrided IF steel at 450 °C, 4 h (SP-N450). Although three tests were carried out on each sample, one curve is presented for clarity purposes.
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dicated by XRD analyses.
Oxidative wear was conﬁrmed by EDS composition maps of wear
tracks after 2500 m for all IF steel samples that were plasma nitrided
or shot-peened + plasma nitrided. Regardless of shot peening, all EDS
composition maps of oxygen for IF steel samples treated at 450 °C,
475 °C and 500 °C were similar and indicated high oxygen contents in
wear tracks, suggesting the formation of tribo-oxides during dry sliding
wear. As an example, EDS composition maps of oxygen for the solelyplasma nitrided IF steel sample at 500 °C for 4 h (N500) and for its
shot-peened + plasma nitrided counterpart (SP-N500) are shown, re-
spectively, in Fig. 10b and c. However, different wear mechanisms can
still occur when oxides are present. Q.Y. Zhang el al. [21] differentiated
oxidative wear from mild oxidative wear when investigating the dry
sliding wear behavior of alloyed and cast steels. According to their
work, the severity of oxidative wear was mainly inﬂuenced by two
factors: type/thickness of oxide layer and load support provided by
the underlying material (in this work soft substrate for the ‘untreated’
Fig. 12.Wear volumes after a 2500m sliding distance for Ti-stabilized IF steelswithout shot
peening (IF), after a shot-peening pre-treatment (SP-IF), after plasma nitriding at 450 °C
(N450), 475 °C (N475), and 500 °C (N500) and after shot peening + plasma nitriding at
450 °C (SP-N450), 475 °C (SP-N475), and 500 °C (SP-N500).
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maintain oxidativemildwear, the rubbingmaterial should have enough
strength to prevent plastic shearing. The oxygen content measured on
wear tracks of all IF steel samples was constant (~12 wt.%), suggesting
that formed tribo-oxides were similar. However, the load-bearing capa-
bility provided by underlying IF steel substrates varied as indicated by
instrumented hardness measurements on polished cross-sections.
Thus the wear performance was greatly inﬂuenced by the load support
provided by underlying steel substrates to hard oxide ﬁlms formed on
the steel surface.
Wear volumes after a sliding distance of 2500m are given in Fig. 12.
When comparing wear volumes of SP-IF and IF samples, it can be seen
that the shot peening pre-treatment slightly increased the wear rate
of the parent IF steel. Although hardness–depth proﬁle measurements
indicated a hardening effect up to a depth of 20 μm in the SP-IF sample
(Fig. 7), it seems that the increased surface roughness resulting after the
shot-peening pre-treatment was detrimental and counteracted any
hardening effects induced by this mechanical treatment.
Plasma nitriding at all trialed temperatures (450 °C, 475 °C and
500 °C) was successful in reducing wear of the parent IF steel (IF sam-
ple). Moreover, all nitriding temperatures resulted in similar wear vol-
umes up to sliding distances of 2500 m. Conversely, all shot-peened
+ plasma nitrided IF steel samples exhibited higher wear volumes
than solely plasma nitrided IF steel samples (i.e. without the shot
peening pre-treatment). This result is probably related to thinner com-
pound layers that resulted in shot-peened + plasma nitrided IF steels
samples. XRD analyses and microstructural examination of polished,
etched cross-sections also revealed phases and nitrides, respectively,
less rich in nitrogen on these samples. Compound layers which resulted
in shot-peened + plasma nitrided IF steel samples could have had pos-
sibly less ɛ phase andmoreγ′ prime phase than those resulting in solely
plasma nitrided IF steel samples. Microstructural examination of diffu-
sion zones of shot peened + plasma nitrided IF steel samples also indi-
cated that nitrides in the diffusion zone of these samples were mainly
α″-Fe16N2 nitrides. A thinner compound layer, allied to an inferior
load support provided by shallower diffusion zones where α″-Fe16N2
nitrides were the dominant nitride phase (these nitrides have the low-
est content of nitrogen among all nitride phases)would possibly explain
the poorest performance of shot peened + plasma nitrided samples in
dry sliding wear tests.
Wear volumes of shot-peened + plasma nitrided IF steels were
higher than that of the parent IF steel (i.e. without shot peening) but
comparable to that of the shot-peened IF steel (SP-IF). As shot-peened
+ plasma nitrided IF steel samples exhibited the highest Ra-valuesand Rq-values (Fig. 4), the wear performance of these samples was
greatly impaired by their increased surface roughness. In this case, ben-
eﬁcial effects from case-hardened layers generated by plasma nitriding
were supplanted by substantial surface roughening.
It should be pointed out that the case depthof IF steel samples nitrid-
ed at 500 °C were similar regardless of the shot peening pre-treatment.
Nevertheless, microstructural examinations indicated different com-
pound layer thicknesses and different nitride precipitates in diffusion
zones. For the solely plasma nitrided IF samples, a large amount of γ′-
Fe4N was present in the upper region of the diffusion zone, while for
shot peened + plasma nitrided IF steel sample the diffusion zone
mainly comprised α″-Fe16N2 nitrides. The diffusion zone of this later
sample possibly provided an inferior load support to its compound
layer, which was also signiﬁcantly thinner (see Table 3). Further inves-
tigations are required to establish the inﬂuence of surface roughening,
compound layer thickness/phase structure and α″-Fe16N2 nitrides on
wear performance.
4. Conclusions
Plasma nitriding successfully increased the near-surface hardness of
Ti-stabilized steels when carried out at temperatures of 450 °C, 475 °C,
and 500 °C for 4 h. The most signiﬁcant hardening effect was accom-
plished on Ti-stabilized IF steel nitrided at 500 °C for 4 h. At these con-
ditions, the near-surface hardness doubled and a considerably deeper
case of ~500 μm resulted. Such a result could widen the industrial appli-
cation of this steel grade.
Shot peening provided a surface deformed layer of ~20 μm on Ti-
stabilized IF steels. This mechanical treatment also led to a considerable
increase in surface roughness. The high surface roughness which result-
ed after shot peening had a negative effect on the nitrogen uptake dur-
ing plasmanitriding. As a result shallower case depthswere achieved on
Ti-stabilized IF steels when plasma nitriding was carried after shot-
peening, indicating that this mechanical pre-treatment had a detrimen-
tal effect on the kinetics of nitrogen diffusion under conditions used in
this work. However, this negative effect was not noticed at the highest
nitriding temperature (500 °C). This higher nitriding temperature
counteracted the deleterious effect of shot peening and case depths
for both IF steel samples (i.e. solely plasma nitrided and shot-peened
+ plasma nitrided) increased at these conditions.
Dry sliding wear tests also corroborated the beneﬁts of plasma ni-
triding on Ti-stabilized IF steels, as signiﬁcantly lower wear volumes re-
sulted after this surface hardening treatment. Shot-peened + plasma
nitrided IF steel samples exhibited higherwear volumes than the parent
IF steel (i.e.without any treatment). Although oxidativewearwas found
to occur in all investigated IF samples, wear performance was found to
be inﬂuenced by load support provided by underlying IF steel substrates
and thickness of compound layers. The best wear performance of solely
plasmanitrided samples could be attributed to thicker compound layers
and deeper hardened cases compared to shot-peened + plasma nitrid-
ed IF steel samples, which exhibited shallower case depths and thinner
compound layers.
It could be concluded that a shot peening pre-treatment did not have
any beneﬁcial effect on the kinetics of nitrogen diffusion, as case depth
decreased when this pre-treatment was carried out prior to plasma
nitriding. Increased surface roughening promoted by shot peening re-
duced the nitrogen uptake during nitriding. This was also corroborated
by XRD and microstructural examination of polished, etched cross-
sections, which revealed phases and nitrides, respectively, less rich in
nitrogen on IF steel samples that were shot-peened + plasma nitrided.
Consequently, thinner compound layers also resulted in these samples.
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